and with activation of the Src PTKs serving as the critical reactive oxygen intermediates generated upon BCR first step. The activated BCR then recruits several downactivation rapidly engage in a cooperative interaction stream signaling pathways, some of which are those that acts in a feedback manner to amplify the early dependent upon PLCγ, the Rho family of GTPases, and signal generated. This cooperativity acts by regulatthe Ras/PI-3-K (Kurosaki, 2002). ing the concentration of the oxidant produced. The
. A significant reduction in ampliand 10 min of stimulation revealed that only 21 of the tude of the first phase of signaling is clearly evident, radiolabeled proteins were common to both time points.
although it was less pronounced than that obtained Thus, the phosphorylation peak detected at 10 min prewith EGTA. Interestingly, while the intensity of downdominantly occurs on new substrates that represent stream signaling was largely unaffected, there was a downstream components of BCR signaling. Some of substantial delay in its accrual, with the second peak of the phosphoproteins from these two time points could phosphorylation appearing only at 20 min of stimulation also be identified by mass spectrometry (Figures S2 (Figure 1Bc ). and S3).
Thus, the data in Figure 1Ba identify a graded effect Stimulation of cells in the presence of EGTA led to a in which selective blockage of CCE produces a less dampening of BCR signal, where a marked reduction severe inhibition than that obtained upon complete in intensity of both phosphorylation peaks was clearly suppression of BCR-dependent Ca i 2+ mobilization. It is evident (Figure 1Ba ). In addition to the quantitative efpresumably due to the profound inhibition of the early fect, a delay in the kinetics of phosphorylation was also phase of signaling in the presence of TMB-8 that downdiscernable. The phosphoproteins observed in both the stream signals also do not accumulate. In comparison, 1 min and 5 min time points of cells stimulated in the the relatively less pronounced effect of EGTA led to a presence of EGTA were all present in the 1 min peak situation where, in addition to attenuation, there was a from cells stimulated in the absence of an inhibitor. The "slowing down" of the partial signaling capability that peak spread in the presence of EGTA, therefore, dewas retained. This was especially evident for the secscribes delayed phosphorylation of some of the early ond phase of phosphorylation, normally seen at 10 min BCR-dependent substrates. This kinetic effect was in the absence of an inhibitor. In other words, the intenmore pronounced in the second phase of phosphorylasity of the first phase of signaling appears to have a tion, normally observed at 10 min in cells stimulated significant impact on that of the downstream events, in without any inhibitor. A comparison of the autoradioaddition to the kinetics of subsequent signal transmission. grams revealed that all of the radiolabeled spots de- with maximal levels (w60% inhibition) being achieved at 30 s. Surprisingly, the PTP activity was then rapidly interpretation is consistent with our findings that inclusion of ebselen during stimulation of cells with anti-IgG restored to slightly above basal levels by 1 min and remained relatively invariant thereafter ( Figure 6B ). Adalso leads to a global dampening of BCR signals (Figure S5) . dition of either EGTA or TMB-8 prevented this inhibition, with TMB-8 in fact yielding an enhancement in PTP activity at the early time points ( Figure 6B ).
The Ca i 2+ -ROS Loop Regulates Phosphatase Activities Associated with the BCR
Addition of the ROS scavengers ebselen or NAC also led to a complete suppression of BCR-associated PTP A likely target candidate for the action of ROS are the PTPs, which have a redox-regulated cysteine in their inactivation induced by anti-IgG ( Figure 6C ), which was similar to the effects of overexpression of either catacatalytic site (Zhang, 1998; Reth, 2002) . As the effect of ROS suppression was evidenced at the level of Lyn lase or Prdx1 ( Figure 6C ). That the observed PTP inactivation was mediated by ROS could be confirmed in adphosphorylation, we anticipated that the putative target PTP would be one that is either in close proximity to or ditional experiments employing pervanadate as the stimulant instead of anti-IgG. An inhibition profile simassociated with the BCR. The association of the PTP tified as DUOX1 (accession number XM_130483.4) was discovered that displayed 87% sequence identity with No inhibitory effect could be detected on SHP-1 that was directly immunoprecipitated from cell lysates that that of its human DUOX (dual oxidases) counterpart. DUOX represents the second family of nonphagocytic had been first depleted of the BCR (Figure 6D) . Rather, an increase in activity was observed that was not fur-NADPH oxidases that depend upon either gp91 phox or its related proteins (Lambeth et al., 2000) . This class ther affected upon addition of either Ca i 2+ or ROS inhibitors ( Figure 6D) . Thus, it appears that the action of ROS of enzymes possesses two EF hand motifs, and Ca i 2+ -activated superoxide production has previously been is specific to the BCR-associated SHP-1.
A direct correlation between available ROS concensuggested for the human homologs (Nakamura et al.,
1991; Banfi et al., 2001). trations, the consequent inactivation of BCR-associated PTP, and BCR-dependent Lyn phosphorylation
Thus, in the absence of a murine NOX5 homolog, DUOX1 seemed a likely candidate to be involved in could be verified in experiments using ebselen as an exogenous ROS inhibitor. Stimulation of cells with anti-BCR-dependent ROS production. Our subsequent experiments revealed that DUOX1 was indeed expressed IgG in the presence of increasing ebselen concentrations led to a dose-dependent inhibition in ROS proin A20 cells, in addition to a few other B cell lines and normal mouse splenic B cells. This was confirmed both duction ( Figure 6E ). Importantly, this also resulted in a corresponding dose-dependent reduction in the extent by Northern blot hybridization and reverse transcriptase-PCR experiments with isolated mRNA ( Figure S6 ). of PTP inactivation along with a progressive decrease in BCR-dependent Lyn phosphorylation ( Figure 6E) .
To examine the role of DUOX1, we next performed gene-silencing experiments using a combination of These findings provide experimental support for our proposal that the Ca i 2+ -ROS loop represents a monodouble-stranded siRNAs targeting two nonoverlapping regions from the annotated cDNA sequence of the stable system that is capable of calibrating signal output from the BCR. DUOX1 gene. This approach led to a substantial reduction in the specific mRNA levels by 48 hr posttransfecIn addition to the effect on BCR-associated PTP activity, stimulation of A20 cells with anti-IgG also resulted tion ( Figure 7C ). Significantly, suppression of DUOX1 expression led to a concomitant inhibition of the early in a rapid but transient inactivation of CD45 (B220), a transmembrane PTP that plays a critical role in con-ROS response that is obtained upon BCR triggering ( Figure 7D ). No such inhibition could be observed in trolling BCR signal transduction (Alexander, 2000) (Figure 6F) . Stimulation of cells in the presence of inhibitors the negative control where cells were transfected with nonsilencing oligonucleotide sequences ( Figure 7D ). In of either Ca i 2+ or ROS led to a reversal of this inhibition ( Figure 6F ). Furthermore, a similar inhibition in CD45 acaddition to ROS, the BCR-dependent Ca i 2+ response was also markedly attenuated in cells transfected with tivity was also obtained upon stimulation with sodium pervanadate instead of anti-IgG, and this inhibitory efthe silencing, but not the control, siRNA ( Figure 7E ). Finally, BCR-dependent phosphorylation of Lyn was fect was now insensitive to both EGTA and TMB-8 (Figure 6F, inset) . Thus, in addition to the BCR-associated also negatively affected in cells displaying reduced DUOX1 expression ( Figure 7F ). These results, therefore, PTP, the Ca i 2+ -ROS feedback loop also appears to regulate enzymatic activity of CD45 in a ROS-dependent strongly implicate DUOX1 as constituting at least one of the components responsible for the early phase of manner.
the BCR-dependent ROS response. Thus, it is the DUOX1-mediated ROS that appears to be involved in BCR Of the NOX family members, it is the human NOX5 TMB-8. However, the graded inhibitory effect, depending on whether Ca i 2+ blockage was complete or merely that is regulated by cytosolic Ca 2+ concentrations restricted to the CCE phase, proved to be particularly CCE with EGTA led to a less severe inhibition in the first peak of signaling but was accompanied by a time lag informative. Addition of TMB-8 during stimulation caused a severe attenuation in the primary phase of signaling, in the generation of the second peak. At least on an empirical level, these collective findings permit two imas a result of which the second phase was virtually undetectable. As opposed to this, selective inhibition of portant inferences to be drawn. First, the strength of the initial signal generated influences the extent to of ROS on Lyn activation that then impacts the subsequent signaling events. which it eventually progresses. This interpretation is supported by our observations that the extent of inhibiThe ROS produced upon BCR activation was found to act through inhibition of PTPs. Notable here was the tion of the primary phosphorylation events determined the intensity of the latter phase. Second, the strength effect on BCR-associated SHP-1, where the inhibition was spatially localized with no effect on the cytoplasof the initial signal generated also likely determines the subsequent rate of signal progression. This was evident mic pool of SHP-1. A similar inhibition was also obtained for CD45, a transmembrane PTP involved in the in the intermediate situation of CCE blockage, where time lags in signal accumulation were noted. Our proregulation of BCR signaling. Importantly, ROS-mediated inactivation of PTP was in turn regulated through posal that both the extent and rate of signal progression depend upon the amplitude of the initial signal the receptor-initiated recruitment of Ca i 2+ . In view of the fact that the ROS production upon BCR activation was is easily rationalized simply by considering the law of mass action. Thus, in any sequential process the conrelatively stable, the transient inhibition of PTP activity obtained was, however, somewhat surprising. While the centration of the active intermediate generated at any given step may be expected to determine the facility, reason for this is not presently clear, more recent experiments have determined the antioxidant protein peroxin terms of both magnitude and rate, with which the subsequent step will occur. . That sponse to stimulation of A20 cells with anti-IgG appears to be H 2 O 2 , at least as deduced from the expericalibrated shifts in the Ca i 2+ -ROS equilibrium can lead to a graded output is experimentally supported by our ments described here. Importantly, ROS was rapidly induced, being detectable within seconds of addition demonstration of the dose-dependent correlation between ROS concentrations available, the extent of inacof anti-IgG. Furthermore, the effect of Ca i 2+ on ROS levels was also evident from the earliest time point of tivation of the BCR-associated PTP, and the magnitude of BCR-dependent Lyn phosphorylation. In other words, detection of ROS. In this context our present results identify DUOX1 as at least one of the enzymatic comit is the Ca i 2+ -ROS feedback loop that likely determines the dimensions of time and space in terms of propagaponents responsible for the early BCR-dependent ROS production. Our experiments employing siRNA retion of the BCR-generated signals. In summary, we identify here the existence of a posivealed that DUOX1 is critical for establishing the BCRdependent Ca i 2+ -ROS feedback loop and, thereby, entive feedback loop between receptor activation-dependent Ca i 2+ and ROS that regulates BCR signal strength suring optimal phosphorylation of Lyn following BCR activation.
right at its point of origin. The central nature of this loop was revealed from the fact that its perturbation led to While both the BCR-dependent Ca i 2+ and ROS pathways influenced each other, it was the ROS that ultia global dampening of signals. Our results further suggest that it is the strength of the initial signal that determately affected BCR signaling. This was determined from experiments indicating that, whereas the inhibimines the extent to which it progresses, in addition to the speed with which the endpoint is reached. Finally, tory effect of Ca i 2+ could be overcome by independent elevation in ROS levels, the converse was not true. Furwe also characterize the Ca i 2+ -ROS loop as a monostable system. This property would enable a rheostatthermore, the effect of ROS suppression was evident at the level of Lyn phosphorylation, as a result of which like function for this loop, with feeder pathways likely to confer on it a "tuning" capability with respect to BCR both the magnitude and kinetics of substrate phosphorylation by Lyn were attenuated. Since Lyn-along signal amplification. Finally, given the common usage of both Ca i 2+ and ROS as second messengers, it would with the other Src kinases-constitutes the initiating event in BCR signaling, we speculate that it is the effect be of interest to determine whether such a Ca i 2+ -ROS
